The ATLAS and CMS collaborations have recently published new limits on CP conserving anomalous couplings from the W γ and Zγ production processes. We study the corresponding limits that can be placed on the CP violating anomalous couplingsκ γ and h 1 γ,Z at the LHC. We find that the process pp → W γ at 14 TeV can place the 95% CL limit |κ γ | < ∼ 0.05 with 10 fb −1 which is comparable to the existing LHC bound on the CP conserving anomalous couplings κ γ . Similarly, the process pp → Zγ can place the 95% CL limits | h 1 γ | < ∼ 20 and | h 1 Z | < ∼ 40 respectively. None of these limits is derived from a truly CP-odd observable so that it is not possible to separate the effects of the CP violating anomalous couplings from the rest.
I. INTRODUCTION
The Large Hadron Collider (LHC) has already delivered an integrated luminosity of more than 5 fb −1 per experiment during its 7 TeV run, and another 20 fb −1 at 8 TeV, and is well on its way to testing the Standard Model (SM) in detail. One of these tests involves a measurement of the triple gauge boson couplings W W γ and ZZγ through their contribution to W γ and Zγ production. Early reports of these measurements include one from ATLAS with 4.6 fb −1 [1] as well as older ATLAS [2, 3] and CMS [4, 5] results with 2010 data with an integrated luminosity of 1.02 fb −1 .
These measurements are used to constrain physics beyond the SM by parametrizing the W W γ and ZZγ vertices with anomalous couplings [6, 7] and placing limits on the values of these couplings. Although the anomalous coupling parametrization is completely general, it is a common practice to consider only the subset of couplings that conserve charge conjugation and parity (and thus CP). In this paper we revisit the study of the subset of these couplings that violate CP along the lines of our previous analysis for the Tevatron [8] .
The main motivation for this study is that our understanding of CP violation remains incomplete and constraining the CP violating anomalous couplings from the experimental perspective it is a simple extension of existing studies.
From measurements of the cross-section alone it is not possible to distinguish between the effects of the CP conserving or CP violating anomalous couplings, although we will show that the Zγ cross section is quite sensitive to CP violating couplings. In order to separate the two it is necessary to study a CP violating observable. To this end we consider naive-T odd triple product correlations [9] as we did in Ref. [8] . We find that these correlations are sensitive to the presence of CP violating interactions in W γ production, but do not uniquely require CP violation. The sensitivity to CP violating anomalous couplings in W γ production is discussed in Section II. In the Zγ process, the asymmetries we construct do single out CP violation, but the sensitivity at the LHC is low.
We begin by examining new physics effects that can affect the W W γ vertex, and potentially be observed in pp → W ± γ → ± νγ. The anomalous couplings that may affect this process can be found in Ref. [6] ,
where V µ stands for either the photon or Z field,
The gauge couplings are g W W γ = −e and g W W Z = −e cot θ W . In the SM, g V 1 = κ V = 1 and all the others are zero. The couplings in Eq. 1 that violate CP areκ V andλ V .
The CP conserving couplings present in Eq. 1 that conserve both C and P and affect W γ production have been constrained by ATLAS and CMS. The most recent result [1] gives an allowed 95% CL interval (without assuming an arbitrary form factor or any relation between the couplings) of
which are comparable to older Tevatron results [10] and a bit worse than the LEP limits [11] .
The P and CP violating couplings in Eq. 1 that enter into the W γ production process areκ γ andλ γ [6, 12] . We limit our study to the former as the latter originates in a higher dimension operator [13] . The corresponding couplingsκ Z andλ Z have been recently studied for the LHC. Ref. [14] finds that the LHC can reach a 5σ sensitivity of 0.1 for both of them with 100 fb −1 by measuring the observable
in the W + W − production process. This process has the advantage of permitting the construction of a genuinely CP-odd observable such as Eq. 3. The couplingλ Z has also been studied in this context in Ref. [15] in W Z production by measuring the observable
They find a significantly improved sensitivity of |λ Z | ∼ 0.002 at the 5σ level with 100 fb −1 .
In Ref. [8] we gave an analytic result for the CP-violating interference term (linear inκ γ ) in the parton level process→ ± νγ. That result, (Eq. 3 of Ref. [8] ), suggests that the T-odd observables that are better suited for constrainingκ γ are,
In Ref. [8] we used O W to find that the Tevatron could place the constraint |κ γ | < ∼ 0.1 at 95% CL with an integrated luminosity of 10 fb −1 . This observable does not work at the LHC, however, where the identical protons of the initial pp state require a symmetrization of the beam direction. Instead, we must use one of the other two operators which are quadratic in the beam direction. We can use each of the operators in Eq. 5 to construct integrated asymmetries defined by
The numerical results reported in the Tables in the Appendix use the notation, for each operator, σ
A further complication with respect to the Tevatron study of Ref. [8] is that at the LHC the W + γ and W − γ production processes are not CP conjugates of each other. For this reason the T-odd observables O γ and O from the W ± γ processes cannot be combined to form CP-odd observables. The net result is that a non-zero result cannot be interpreted as conclusive evidence for CP violation. To obtain conclusive evidence for CP violation at the LHC, one would have to study the W + W − production process, which is self conjugate. This would not necessarily single out a particular anomalous coupling, but would provide a process in which the CP properties of the final state can be used to construct truly CP-odd observables [9, 14] .
We begin by implementing the anomalous couplings κ γ andκ γ in MadGraph 5 [16] using FeynRules [17] . To test our implementation we first repeat the Tevatron analysis of Ref. [8] for the process pp → W ± γ → l ± ν l γ at √ S = 2 TeV for the couplingsκ γ and κ γ respectively. We use the parton distribution functions CTEQ6L1
Tγ , and impose the cuts:
We proceed to generate 10 7 events to measure A W and present raw numbers in Table I in the Appendix.
Our results for the cross-sections and asymmetry corresponding to O W for √ S =2 TeV at the Tevatron are,
in rough agreement with Ref. [8] . The difference, of about 25%, we attribute mostly to the different parton distribution functions (a now obsolete set of PDF's was used in 1996). In addition, the older results were obtained with a significantly smaller number of events. The different sign in the asymmetry relative to Ref. [8] is due to a sign difference in the definition of the triple product. Our results also confirm that the CP conserving coupling κ γ does not induce the T-odd observable without the inclusion of absorptive phases. The distributions of O W for W ± γ at the Tevatron are shown in Fig. 1 for the rather large valueκ γ = 0.3, which we use to make the asymmetry clearly visible.
We proceed to study the case of the LHC at √ S =14 TeV with MadGraph 5 using CTEQ6L1 pdf's evaluated at a scale µ R = µ F = M Table I . Left plot:
set of cuts:
1 For comparison purposes we keep both κ γ and κ γ and construct asymmetries based on the three T-odd correlations of Eq. 6. Our results after generating 10 6 events are shown in Table II of the Appendix.
The results confirm that there is no asymmetry linear in the beam momentum, as required by the symmetry of the initial pp state, thus A W = 0 in all cases. The two asymmetries quadratic in the beam momentum, A γ and A , are very similar numerically (although they have opposite signs) and they vanish for the case of CP conserving physics without absorptive phases (SM and NP2 cases in Table II) . 2 We can use our simulation to write approximate expressions for pp → W ± γ → l ± ν l γ cross-sections and asymmetries,
These results show a small interference between the new physics and the SM for the case of κ γ , which results in a sensitivity to this coupling that arises primarily from its quadratic contributions to the cross-section. Notice that the interference terms betweenκ γ and the SM are consistent with zero within our statistical error (see Table II ). This is of course expected as there can be no interference between the CP violating coupling and the SM amplitude unless one goes beyond tree level
The numerical results are quite sensitive to this choice. 2 We work at tree level in the SM.
and allows absorptive phases to occur. The distributions of the operators of Eq. 5 are shown in Fig. 2 , from which the small asymmetries of Eq. 8 can be observed. In particular we see that the distribution for O W is symmetric within statistical error in agreement with our expectation that this operator cannot produce an asymmetry at LHC. At the same time the asymmetries associated with O γ, are non-zero and have opposite signs.
The invariant mass distributions are shown in Fig. 3 . We see that the importance of the new physics increases with m W γ as expected. The value ofκ γ ∼ 0.3 illustrated in this figure corresponds to a rather low new physics scale around 1 TeV for a dimensionless α 13 ∼ 10 [8] and therefore the large enhancement in the distribution beyond M W γ ∼ 500 GeV is not realistic. We can nonetheless use these distributions to construct the asymmetries corresponding to O l , shown in Fig. 4 . Interestingly the asymmetries are largest at the low values of invariant mass, M W γ , where the effective Lagrangian description is more robust.
From Eq. 8 we can estimate the statistical sensitivity, S, for a given integrated luminosity, L, using
For example, the 95% CL limits for the sensitivity attained from cross-section measurements with 10 fb
Our estimate for the sensitivity to κ γ is in rough agreement with the actual limit obtained by ATLAS with 4.6 fb −1 quoted in Eq. 2. Notice that the results forκ γ are very similar, and that this can already be inferred from Eq. 8 where the main difference between the two couplings is due to a small interference between the CP conserving κ γ and the SM.
We can also constrain the CP violating couplingκ γ with the T-odd asymmetries. At 95% CL for 10 fb −1 we find
with all the asymmetries studied offering roughly the same sensitivity. Unlike the Tevatron, the LHC does not allow us to single out the W W γ CP violating anomalous couplings with the study of the T-odd correlations. CP conserving anomalous couplings, in conjunction with absorptive phases (which occur at one loop and beyond), also generate the T-odd asymmetries. For example, we have confirmed numerically that κ γ with an additional absorptive phase generates non-zero values of A γ and A . To separate the two cases would require the study ofpp → W ∓ γ reactions as well. Nevertheless, the T-odd correlations have a slightly better sensitivity toκ γ than the cross-sections. Finally, it is worth recalling that indirect constraints on CP violating anomalous couplings are typically much better. For example, the claimed sensitivity of EDM experiments being |κ γ |< 5 × 10 −5 [18] . As usual, indirect constraints on new physics are complementary to direct high energy constraints and not a substitute for them.
We now turn our attention to the importance of QCD corrections for these processes and their influence on the expected sensitivities. It is known that the lowest order (LO) W γ cross-sections we have considered thus far, exhibit a large dependence on the QCD scales µ R and µ F 3 . This effect was observed in early studies of anomalous couplings at the Tevatron [19] . To quantify the effect of QCD corrections on the sensitivities we have estimated, we implemented the anomalous couplingκ γ into MCFM 6.2 [20] and repeated our calculations for the LHC with √ S = 14 TeV both at LO and NLO QCD. For the NLO calculations we use the CTEQ6.6M parton distribution functions. Our results for two different values of κ γ andκ γ are displayed in Table III . Comparison of these numbers with those in Table II 2. The differences between the two LO simulations depend on the value of the Todd correlations so that they are magnified in some of the asymmetries, being as large as 20% for A γ (W − γ) but remaining in the 5% range for A γ (W + γ).
3. The NLO cross-sections are significantly larger than the LO cross-sections, again in agreement with previous observations. This K-factor appears to be larger for the SM than for the NP contributions.
The corresponding sensitivities estimated from the MCFM simulations at the 95% CL with 10 fb −1 are
From the asymmetries at 95% CL for 10 fb −1 we find sensitivities in the range
3 The choice of PDF set is expected to be much less important than the choice of scale, since this is ainitiated process, where the PDFs are well determined and the CTEQ, NNPDF, and MSTW PDFs are in good agreement at
depending on whether we use A(W ± γ) at LO or NLO. Comparing these results with Eq. 10 we see that although there is some uncertainty from the different MC and from NLO effects, the constraints that can be placed on the CP violating coupling κ γ are roughly equal to those that can be placed on its CP conserving counterpart.
We end this section presenting results for √ S = 7 TeV, imposing in this case the appropriate set of cuts given by
We present these results in Table IV of the Appendix. Our results forκ γ can be approximated by
The SM total cross sections are significantly increased at NLO, but interestingly the sensitivity toκ γ is not affected much, at 95% c.l. we obtain from σ(W + γ) and The asymmetry A , however, is only slightly changed at NLO,
The different cases, W ± and LO vs NLO, give slightly different constraints but similar to those from the cross-sections.
On-shell Zγ production via a virtual boson V = γ, Z can be described by the most general Lorentz and gauge invariant anomalous ZγV coupling [7] ,
where h 
Unlike the W γ channel of the previous section, the Zγ channel allows us to construct true CP odd observables. This happens because the final state in the decay mode Zγ → ± ∓ γ has definite CP properties that suffice to isolate CP violation. We will use the following observable
which generalizes the operator used in Ref. [8] and is quadratic in the beam momentum. This operator is also the same one used by Ref. [14] for the pp → W + W − process. Based on Eq. 20 we construct the integrated asymmetry
and define σ
for entries into the Table in the Appendix.
We implement the CP violating couplings h 1 γ and h 1 Z into MadGraph 5 [16] with the aid of FeynRules [17] . We use CTEQ6L1 pdfs evaluated at a scale µ R = µ F = M W with cuts p T l > 20 GeV, p Tγ > 10 GeV, |η l | < 2.5, |η γ | < 2.5, ∆R lγ > 0.7, / p T > 25 GeV, and M T (l, / p T ) > 40 GeV to generate 10 6 events for the 14 TeV LHC. We reproduce our numerical results in Table V 
From these expressions we estimate the 95% c.l. limits for 10 fb −1 at √ S=14 TeV from measurements of the total cross section and the asymmetry defined in Eq. 21 to be, At 95% CL and LO QCD : |h
The total cross-sections are much more sensitive to the presence of the CP violating anomalous couplings (through their quadratic effect) than is the CP-odd asymmetry. This implies that the bounds we are able to place do not single out the CP odd nature of the anomalous couplings.
To investigate the role of higher order QCD corrections, we use MCFM 6.2 [20] to find σ NLO SM = 648.7 fb which changes the limits by about 20%. Given that these couplings, unlikeκ γ , only occur in the effective Lagrangian through operators of dimension eight or more [8] they do not merit further study.
IV. CONCLUSIONS
We have estimated the sensitivity of the LHC to the CP violating anomalous couplingκ γ and found it to be comparable to what ATLAS and CMS have extracted for its CP conserving counterpart κ γ . We have presented results for the 7 and 14 TeV LHC using W ± γ cross sections as well as T-odd asymmetries as observables. We find that the T-odd asymmetries offer a slightly higher sensitivity toκ γ than the cross sections. However, they do not single out this coupling as they are not true CP-odd observables. Comparing the results from MadGraph and MCFM, we find some uncertainty, of order 5% for cross-sections and as large as 20% for asymmetries, in the estimated sensitivities. We also estimated the effect on the sensitivity to the anomalous couplings due to NLO corrections by generating events with MCFM at both LO and NLO. Although there is some difference between the two cases, these differences amount to factors of two.
For the case of Zγ production we estimated the sensitivity to the CP violating couplings h 1 γ,Z and found that in this case it is much worse than the corresponding sensitivity to CP conserving anomalous couplings. Although it is possible to construct true CP-odd observables in this case, they are not very sensitive to these anomalous couplings. Since these couplings originate at higher order in the effective Lagrangian for beyond SM physics (at least dimension eight operators) we do not pursue in detail effects of NLO corrections.
TABLE I: Tevatron analysis of the asymmetry defined in Eq. 6 using O W with non-zero κ γ andκ γ as defined in Eq. 1 for the process pp → W ± γ → l ± ν l γ. The input parameters and cuts are discussed in the text. All the numbers shown here are in fb units. Results for the asymmetries defined in Eq. 6 in the process pp → W ± γ → ± νγ at √ S = 14 TeV for non-zeroκ γ and κ γ . The input parameters and cuts are discussed in the text and these results are obtained with MadGraph. All the numbers shown here are in fb units. TABLE III: Results (in fb units) for the asymmetries defined in Eq. 6 for the process pp → W ± γ → l ± ν l γ at √ S = 14 TeV using MCFM. Parton densities (CTEQ6L1 for LO and CTEQ6.6M for NLO) are evaluated at a scale µ R = µ F = M W . The input parameters and cuts are discussed in the text. All the numbers shown here are in fb units. The results of the MCFM runs at 14 TeV can be approximated with the following fits, to be compared to Eq. 8 for MadGraph.
and at NLO
TABLE IV: Results (in fb units) for the asymmetries defined in Eq. 6 for the process pp → W ± γ → l ± ν l γ at √ S = 7 TeV for non-zeroκ γ . Parton densities (CTEQ6L1 for LO and CTEQ6.6M for NLO) are evaluated at a scale µ R = µ F = M W . The cuts are: p T l > 20 GeV, p Tγ > 10 GeV, |η l | < 2.5, |η γ | < 2.5, ∆R lγ > 0.7, / p T > 25 GeV, and M T (l, / p T ) > 40 GeV. Table II . Left plots : pp → W + γ → l + ν l γ, Right plots: pp → W − γ → l − ν l γ.
